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I. INTRODUCTION
The unique properties of diamond 1 make it an attractive candidate for a variety of industrial applications. In particular single-crystalline diamond is a promising material for, among others, electronic and optical applications. 2 The largest barrier for exploitation is that centimeter size, single crystal diamond films are not readily available on the market.
With oxyacetylene combustion chemical vapor deposition ͑CVD͒, high-quality single-crystal layers can be grown at high growth rates and low cost. [3] [4] [5] In this technique, a laminar, atmospheric pressure oxyacetylene flame ͑in fact an ordinary welding torch͒, is pointed toward a substrate ͑see Fig. 1͒ . The nozzle-to-substrate distance L is on the order of 1 cm, and the flame-tip-to-substrate distance d and the nozzle diameter D are on the order of 1 mm. The flame is fed by a slightly supersaturated mixture of acetylene and oxygen. As opposed to classical thermal CVD processes, in which the gas and the substrate are heated through external heat sources, the energy required to drive the chemical reactions in combustion CVD is provided by the exothermic combustion reactions themselves. The premixed feed gas at room temperature flows through the burner nozzle to combust to ͑mainly͒ CO at the flame front. This flame front has a conical shape, as can be seen in Fig. 1 . In the hot (Ͼ3300 K) flame front, reactive species such as the CH 3 radical are created, as well as etching species such as atomic oxygen and hydrogen. At the substrate surface, which is cooled to approximately 1400 K, a delicate balance between diamond growth and etching leads to the deposition of high-quality single-crystal diamond. As yet, the area of growth obtained by oxyacetylene combustion CVD is limited to about 20 mm 2 . To be able to produce centimeter size diamond layers, the process has to be scaled up.
For successful scale-up, a thorough understanding is needed of the hydrodynamics and the combustion chemistry in the flame, in interaction with each-other and with the substrate surface. As for classical CVD processes, [6] [7] [8] [9] [10] such an understanding may gain from simulation models combining hydrodynamics and chemistry. Such a study for diamond a͒ Author to whom correspondence should be addressed; electronic mail: crkleijn@klft.tn.tudelft.nl CVD from flat methane/air flames, using simplified combustion chemistry, was presented by Di Muzio and co-workers. 11 Meeks and co-workers 12 presented a model for diamond CVD from a one-dimensional oxyacetylene flame. For diamond CVD from two-dimensional, conical oxyacetylene flames, we have previously presented detailed models for the homogeneous combustion chemistry and the heterogeneous diamond growth chemistry in Ref. 13 , which we have subsequently combined with a two-dimensional hydrodynamic model for laminar oxyacetylene flames.
14 These models were validated against experimental data [15] [16] [17] [18] on growth rates and concentration profiles of gas phase intermediates C, CH, and H, as a function of flame-tip-to-substrate distance and substrate temperature. Our combined chemistry and hydrodynamic models were found to provide valuable insights in various important underlying mechanisms of oxyacetylene combustion CVD of diamond. The models gave correct predictions of flame lengths and shapes, as well as qualitatively and semiquantitatively correct predictions of the flame temperature, gas phase concentration profiles, and diamond growth rates.
An important effect, which could not be explained on the basis of the hydrodynamics and combustion chemistry alone, is the experimental observation that a 4 -5 mm diam central region of good quality and uniform diamond is bordered by an annular region of enhanced growth and decreased quality, displaying amorphous features. 18 The presence of this annulus strongly limits the area size of good quality diamond that can be grown, and it also seriously hinders scale-up strategies such as the use of multiple flame nozzles or scanning the substrate surface with a single flame. The presence of this annulus has been ascribed to in-diffusion of nitrogen from the ambient air into the flame 18 ͑see Fig. 1͒ . Indeed, in various diamond CVD techniques, the addition of small amounts of nitrogen to the feed gas has been found to lead to large changes in growth rate and surface morphology. In microwave plasma reactors, fed with predominantly hydrogen and up to 2% methane, addition of nitrogen results in a transition from nanocrystalline growth or growth in the ͑111͒ or ͑110͒ direction, to growth in the ͑100͒ direction. [19] [20] [21] [22] [23] Optimal diamond quality is found for additions between 100 and 500 ppm nitrogen. 19, 22 Further increasing the addition of di-nitrogen leads to a decrease of the diamond quality: cauliflower structures were observed under the microscope. Roughly the same trends are observed in hot filament reactors, 24 -27 where the diamond quality increases up to nitrogen additions of 100 ppm, and the growth rate increases with the nitrogen concentration at low filament temperatures, while it decreases at high filament temperatures. 24 The feed gas composition in oxyacetylene combustion CVD largely differs from that in microwave and hot filament reactors. It roughly consists of 50% acetylene and 50% oxygen. In practice, the acetylene feed contains traces of dinitrogen and oxygen. The effect of addition of different nitrogen-containing species to the feed was studied by Atakan and co-workers. 28 Schermer, de Theije, Stolk and co-workers [29] [30] [31] studied the influence of di-nitrogen on the growth under oxyacetylene flame deposition conditions, for di-nitrogen concentrations in the feed between 600 and 32 000 ppm. Since there was some di-nitrogen present in the acetylene bottle, the minimum di-nitrogen content in the feed was ϳ600 ppm. Therefore, a possible increase in diamond quality at lower concentrations could not be observed, but the subsequent decrease at higher concentrations was. The growth rate was found to increase linearly with di-nitrogen up to about 5000 ppm, above which it leveled off, and eventually decreased. An increasing amount of nitrogen was found in the diamond lattice, 19, 29, 32 and cauliflower structures were observed above the same boundary of 5000 ppm.
Various explanations have been proposed for the observed phenomena: ͑i͒ Depletion of the gaseous diamond precursors ͑which are carbon containing species that are relatively reactive͒, owing to formation of CN. 24, [33] [34] [35] [36] [37] This hypothesis is supported by an observed decreased C 2 concentration in microwave plasma CVD when nitrogen is added. ͑ii͒ A decrease in the atomic hydrogen concentration in the gas phase, which leads to changes in the gas-phase chemistry. 26 ͑iii͒ Formation of CN in the gas-phase, abstracting hydrogen from the surface, so called etching, in a similar way as is known from atomic hydrogen. 22, 23, 33, 38 ͑iv͒ The presence of nitrogen atoms in the diamond lattice, enhancing diamond growth by acting on the electron structure of surface dimer bonds. 25 ͑v͒ Selective adsorption of nitrogencontaining species like NH x or CNH x on the surface, selectively increasing growth in the ͑100͒ direction. 39 It should be noted that the first two hypotheses require a significant influence of added di-nitrogen on the hydrocarbon combustion process. For the third hypothesis to hold, gas-phase CN concentrations should be of the same order of magnitude as the concentrations of other ͑known͒ etching species, such as atomic O and H. The last two hypotheses, however, may hold even for very low concentrations of nitrogen containing species.
In the present article, these different hypotheses are evaluated for the case of diamond deposition from an oxyacetylene flame, with the aid of one-and two-dimensional simulations of the flame hydrodynamics and chemistry, including nitrogen chemistry. To this end, we study the influ- ence on di-nitrogen on the combustion process and we calculate concentration distributions of nitrogen-containing species in the gas phase and near the growth surface.
II. SIMULATION MODELS

A. Reactor geometry
The studied axisymmetric reactor configuration is illustrated in Fig. 1 . A feed gas mixture of oxygen and acetylene ͑with a trace of di-nitrogen͒ at room temperature and atmospheric pressure enters the domain through a cold, cylindrical nozzle tube with a diameter Dϭ1.4 mm, at an average velocity of 58 m/s. The nozzle-to-substrate distance is L ϭ8 mm. In order for diamond growth to take place, the flame should be slightly supersaturated, i.e., there should be a small excess of acetylene in the feed, compared to a neutral flame. The excess acetylene S ac is defined as the fraction of acetylene that is fed in excess to that of a neutral flame.
From simple theoretical considerations, assuming that all acetylene combusts to CO, a neutral flame is expected to occur at a feed gas composition of 50%:50%ϭ1.0 molar ratio of acetylene and oxygen. In practice, however, the combustion process is more complex and not all acetylene is combusted into CO. As a result, neutral flames are obtained experimentally at a slightly smaller molar ratio of acetylene and oxygen, viz. 47.5:52.5ϭ0.90. 16 Experimentally, good diamond growth is obtained at an the excess acetylene of approximately S ac ϭ5%, corresponding to a feed gas composition of 48.72:51.28ϭ0.95 molar ratio of acetylene and oxygen. This value has been used in our simulations. The flame-tip-to-substrate distance is dϷ0.6 mm. The flame impinges perpendicularly on to a horizontal substrate with a temperature of 1400 K, on which diamond deposition takes place.
B. Hydrodynamic model
In formulating the hydrodynamic simulation model, the following assumption are made: ͑i͒ the process is stationary in time; ͑ii͒ the flame is axisymmetric; and ͑iii͒ the absorption or emission of radiation energy can be neglected. 12 The composition of the N-component gas mixture is described in terms of the dimensionless mass fractions i (i ϭ1 . . . N) of its constituents. The diffusion of gas species is expressed through their diffusive mass fluxes j i with respect to the mass averaged velocity v. 40 The transport of mass, momentum and heat is described by the continuity equation, the Navier-Stokes equations and the transport equation for thermal energy 40, 41 
Here, P, T, and v are the pressure, temperature, and mass averaged velocity of the gas mixture; , , c p , and are its density, viscosity, specific heat per unit mass, and thermal conductivity; t is the time; R the gas constant; and g is the gravitational acceleration. Gas species i has a mole fraction f i , a molar mass M i , and a molar enthalpy H i . There are K reversible gas phase reactions, with net molar reaction rates R k and net stoichiometric coefficients v ik . In the thermal energy equation, Eq. ͑3͒, the Dufour effect has been neglected. 41 The transport equation for the ith gas species is given by
Since the mass fraction must sum up to unity, this equation is solved for all species except one. In the rigorous kinetic theory of N-component gas mixtures, 42 it is shown that there can be various driving forces for diffusion. In laminar flames, the relevant driving forces are the concentration and temperature gradients, and the total diffusion flux j i is a summation of a diffusion flux j i C due to concentration gradients and a diffusion flux j i T due to temperature gradients
Multicomponent concentration gradient driven diffusion is modeled through the Wilke approximation, and thermodiffusion through the Clark-Jones approximation. 41 The transport equations are supplemented with the usual boundary conditions in the inlet ͑i.e., fixed temperature equal to room temperature, fixed species mole fractions as described above, and a fixed velocity profile͒. On the walls of the burner tube, we impose a fixed temperature, equal to room temperature. On the impingement surface, the temperature is fixed at 1400°C. On the other boundaries of the domain, a fixed pressure is imposed, allowing for gas to leave or enter the domain. Gas entering the domain at these boundaries is assumed to be air at room temperature. The thermochemical properties of each of the gas species in the gas mixture, as a function of temperature, have been taken from the CHEMKIN thermodynamic database. 43 The transport properties of the individual gas species were calculated from kinetic theory, 41, 42, 44 assuming the Lennard-Jones ͑6-12͒ intermolecular potential energy function. The Lennard-Jones parameters were taken from the CHEMKIN TRANSPORT DATABASE. 44 The mixture viscosity and thermal conductivity are calculated from semiempirical mixture rules. 45 
C. Hydrocarbon combustion chemistry model
The gas-phase kinetic mechanism used in our study is based on the hydrocarbon combustion mechanism by Miller and co-workers, 46 which has been previously applied to acetylene-oxygen flames by Meeks and co-workers. 12 Through sensitivity analyses in one-dimensional flame simulations, we have reduced the original 48 species, 219 reactions mechanism to a 27 species, and 119 reactions mechanism. 13 Based on quantum-mechanical calculations by Skokov and co-workers, [47] [48] [49] we developed a surface reaction mechanism consisting of 67 elementary reactions between 41 adsorbed species, based on the so called mean field approximation. 13 It contains CH 3 and C 2 H 2 as gaseous growth precursors, and atomic hydrogen and oxygen as etching species. Earlier, 13, 14 these two chemistry models were combined with one-dimensional ͑1D͒ and two-dimensional ͑2D͒ hydrodynamic model. Figure 2 shows calculated isotherms and streamlines as calculated by the 2D model. As shown in Ref. 14, with the 2D model axial and radial hydrocarbon gas phase concentration profiles, radial growth rate profiles, and trends in film growth rates as a function of, e.g., surface temperature and flame-tip-to-substrate distance can be predicted in good qualitative agreement with experimental data. Without inclusion of nitrogen chemistry, however, the model is not capable of predicting the influence of nitrogen in the flame on diamond growth rate and quality.
Therefore, in the present article, the diamond-CVD chemistry model has been extended with a model for the gas phase nitrogen chemistry, and combined with either a 1D flat flame model, 50 or a full 2D axisymmetric model for the flame hydrodynamics.
41
D. Nitrogen chemistry model
Nitrogen in the flame originates from two different sources: First, the acetylene that is fed into the welding torch in practice contains a trace of approximately 1500 ppm dinitrogen. Secondly, di-nitrogen diffuses inward into the flame from the surrounding air. The stream trace in Fig. 2 that starts from the edge of the burner is the dividing line between the ambient air and the flame region that consists of hot combustion products. We expect the occurrence of nitrogen-containing radical species originating from ambient-air nitrogen around this line. This area will be called the outer flame region. The stream trace will be called the outer flame streamline.
As will be seen below, the nitrogen from the two sources reacts through different routes. In general, three routes can be distinguished through which di-nitrogen is decomposed, which can briefly be summarized as ͑1͒ The Zeldovich mechanism N 2 ϩO→NOϩN, ͑6͒ In the present study we use a gas phase reaction mechanism which, in addition to the combustion reactions described in Sec. III C, consists of a detailed nitrogen chemistry mechanism taken from Kilpinen et al. 52 In addition to the above reactions ͑6͒-͑14͒, it includes a large number of elementary gas phase reactions, involving the nitrogencontaining species N, N 2 , NH, NH 2 , NH 3 , N 2 H, NO, NO 2 , N 2 O, HNO, CN, HCN, NCO, HOCN, HNCO, HCNO, and H 2 CN.
III. RESULTS
A. 1D flat flame simulations
As a first study on the decomposition of di-nitrogen present in the feed gas, a flat flame is simulated with the aid of a one-dimensional premixed flat flame model, 53 fully coupled with the combustion and nitrogen chemistry models described above. 0-8000 ppm di-nitrogen is added to the reactor feed. The gas mixture is fed to the flat flame reactor with a specified flow rate, and is made to ignite directly behind the inlet. Figure 3 shows the concentration profile of the most abundant reaction products of di-nitrogen, for a feed concentration di-nitrogen of 1000 ppm. Di-nitrogen is decomposed at and directly behind the flame front, mainly via the Fenimore mechanism, and HCN is the first species that is produced. The atomic nitrogen formed via the first step of the Zeldovich mechanism and via the Fenimore mechanism partly reacts further to form HCN and NO as the most important products. A detailed quantitative analysis of all reac- tion routes showed that, overall, di-nitrogen is decomposed in a ratio of approximately 1:0.5:0.2 through the Fenimore : Zeldovich : N 2 O mechanisms. The simulations predict that, 6 mm downstream from the flame front, less than 1% of the added di-nitrogen is converted. HCN is the most important nitrogen-containing product directly behind the flame front. However, further downstream, 97% of the formed HCN is converted to NO with the aid of O, OH, and H. Here, NO is by far the most abundant nitrogen-containing species. Although there are indications that NO might play a role in oxyacetylene flame CVD of diamond at low pressures, 54 it appears to be unimportant under atmospheric pressure flame conditions. 55 Due to its low conversion, the addition of di-nitrogen was found to have hardly any effect on the concentration of the non-nitrogen-containing species. The first two hypotheses given in Sec. I, viz. a significant influence of di-nitrogen on the gas-phase concentrations of either a diamond precursor or atomic hydrogen, were therefore not substantiated here. The third hypothesis, an etching role of CN on the surface comparable to that of H, could not be supported either. The maximum CN concentration in the flame is a factor 10 5 lower than the maximum concentration of atomic hydrogen. In fact, since the maximum concentrations of all nitrogen-containing gas-phase species are very low, it is unlikely that any nitrogen-containing species influences diamond growth via a direct etching effect.
Thus, the most likely hypotheses are ͑iv͒ and ͑v͒, i.e., that nitrogen is included in the diamond lattice, or adsorbs on the surface, and influences diamond growth in this way. It has been found that the amount of nitrogen included in the lattice is very low, and increases with the di-nitrogen concentration in the feed. 19, 29, 32 This might be in support of hypothesis ͑iv͒. Also, there appears to be a linear relation between the di-nitrogen concentration in the feed gas and the diamond growth rate. 29 Our simulations show, that the concentrations of all nitrogen-containing species included in the mechanism vary linearly with the di-nitrogen content in the feed, up to the higher level of 8000 ppm. Although their concentrations are low, they could well be responsible for the observed very small amounts of nitrogen in the lattice. Therefore, each of the simulated nitrogen-containing species could in principle be the precursor of the nitrogen in the diamond lattice.
B. Two-dimensional flame simulations
In order to further discriminate between the various nitrogen-containing species and their impact on film growth, and to study the effect of nitrogen in-diffusion from the ambient air, flame simulations have been performed combining the full combustion and nitrogen chemistry models described above with the 2D hydrodynamic flame model described above and in Ref.
14. This provides information on the radial concentration profiles of the various species just above the substrate surface, which may be compared to experimental growth rate profiles.
For the numerical solution of the model equations, we use our CVD simulation code CVDMODEL. 56, 57 The equations are discretized with the aid of the finite volume method on a 2D cylindrical grid of N r ϫN z ϭ61ϫ149 grid cells. A cell at the flame front typically has a radial dimension of 17 m and the sharp temperature rise in the flame front is spanned by at least five grid cells. In axial direction, the typical grid size is 60 m, which is refined near the substrate to 4 m. Grid independence was checked by increasing the number of grid points with 50% in both directions. The di-nitrogen concentration in the feed was set to 1000 ppm, the flame-tip-tosubstrate distance was dϭ0.6 mm. Since the nitrogen chemistry does not influence the combustion chemistry significantly, as shown above, it has been calculated separately from the combustion chemistry, in a ''postprocessing step.'' Nitrogen containing species are assumed not to react at the diamond surface. Figures 4͑a͒-6͑a͒ show 2D iso-concentration contours of three selected nitrogen-containing reaction products in the reactor. For reference, the location of the flame front and of the outer flame streamline are also shown in these figures ͑dotted lines͒. Figures 4͑b͒-6͑b͒ show radial concentration profiles of the same species, directly above the diamond surface, i.e., at z↓0. Figure 4͑a͒ shows the simulated concentration profiles of one of the reaction products of di-nitrogen, viz. HOCN. It shows some typical features found for all di-nitrogen reactions products: High concentrations are found in the outerflame region, owing to reaction of di-nitrogen from the ambient air with hot combustion products. Di-nitrogen reaction products are also created at the flame front, were di-nitrogen from the feed reacts. This creates a local concentration maximum around the flame front. However, compared to the amount of nitrogen diffusing into the flame from the ambient air, the amount of nitrogen in the feed is low. Consequently, the concentration maximum around the flame front is much lower than the concentrations in the outer flame region, and this local maximum is not visible on the scale of this figure. The same was found to hold for all other simulated nitrogencontaining species. For most of them, concentrations in the outer flame region were more than 100 times higher than those at the flame front. This is in agreement with measurements with the aid of laser induced fluorescence, 55, 18 which show that CN concentrations at the flame front are at least ten times smaller than those in the outer flame region.
Since the concentrations of nitrogen-containing species in the outer flame region, originating from ambient air dinitrogen diffusing into the flame, are so much larger than the concentrations near the flame front, which originate from di-nitrogen in the feed, the question arises which of these two di-nitrogen sources contributes most to the presence of nitrogen near the center of the substrate surface. Figure 7 shows that N 2 diffusing into the flame from the ambient air does not penetrate all the way to the center of the substrate. Even when the flame-tip-to-substrate distance is increased to dϭ2.6 mm, this does not occur. Consequently, the dinitrogen that is present near rϭ0 predominantly originates from the feed gas. When di-nitrogen from the feed gas is omitted, the concentration of N 2 , and of all nitrogencontaining reaction products, near the substrate center drops by at least a factor 10. We may therefore conclude that nitrogen-containing species near the center of the substrate originate from di-nitrogen in the feed gas that has reacted at the flame front. This is in agreement with findings by Stolk and co-workers, 58 who report that deposition in the central region is dominated by nitrogen in the feed.
Going back to Fig. 4 , we see that HOCN in the outer flame region is mainly produced near the nozzle. Further downstream along the outer flame streamline, HOCN is decomposed and diluted by diffusion. This results in decreasing HOCN concentrations. Other nitrogen-containing species in the outer flame region are also produced mainly near the nozzle, but the rate at which their concentration decreases further downstream varies from species to species, as can be seen by comparing Figs. 4͑a͒ to 6͑a͒ . The degree to which the high concentration outer flame zone extends to the substrate surface determines the species concentration distribution directly above that surface. When the concentration in the outer flame zone decreases rapidly ͓as for e.g., HOCN in Fig. 4͑a͔͒ , most of the reaction product formed in the outer flame region does not reach the substrate surface. As a result, the HOCN which is present close to the surface center is predominantly originating from di-nitrogen in the feed gas, which is converted at the flame front. Consequently, the radial near-surface HOCN concentration profile in Fig. 4͑b͒ has a clear maximum in the center. This maximum decreases by a factor 10 when di-nitrogen is omitted from the feed gas, again indicating that HOCN near the surface is predominantly due to di-nitrogen in the feed. Very similar concentration profiles as shown for HOCN in Fig. 4 are found for HNCO and HCNO, which also exhibit a maximum nearsurface concentration at rϭ0.
The other extreme is found for NO, see Fig. 5͑a͒ . For this species, as well as for HNO, N 2 O, NO 2 , N 2 H, and N 2 , the outer flame region concentration does not decrease along the outer flame streamline, and dominates the concentration distribution near the substrate surface for larger radii. Consequently, their near-surface concentrations increase monotonously with increasing radius ͓see Fig. 5͑b͔͒ . Therefore, these species are unlikely as well to be responsible for the high growth rate annulus observed experimentally.
In between these two extremes are several species for which the near-surface concentration profile equally depends on the production rate in the flame front and in the outer flame region. For example, Fig. 6 shows iso-concentration lines and the radial near-surface concentration profile for CN. This species exhibits a near-surface concentration maximum at rӍ1.5 mm. This is in qualitative agreement with experimental observations in Refs. 18 and 58, in which very similar profiles are found with a maximum around r Ӎ2.5-3.5 mm. A similar behavior is found for NH, NH 2 , NH 3 , HCN, H 2 CN, and NCO. The near-surface concentration profiles of all these species exhibits a local maximum at a radius around rϭ1.5-2.5 mm.
In conclusion, if we assume that the experimentally observed annular ring of low quality diamond is caused by a nitrogen-containing species that is present in relatively high concentrations in that same annular region, this eliminates the species that exhibit a maximum concentration near the center ͑HOCN, HNCO, and HCNO͒, as well as those species for which the concentration increases monotonously with radius ͑NO, HNO, N 2 O, NO 2 , N 2 H, and N 2 ). This leaves NH, NH 2 , NH 3 , CN, HCN, H 2 CN, and NCO as possible candidates.
IV. CONCLUSIONS
Detailed simulations were carried out of the ͑1D and 2D͒ hydrodynamics, combustion chemistry, and nitrogen chemistry in an oxyacetylene reactor for diamond deposition. Thus, the main mechanisms for di-nitrogen decomposition and the influence of nitrogen on the combustion process were identified, and concentration distributions of nitrogen-containing species in the gas phase and near the growth surface were computed.
The simulation results were used to evaluate five previously proposed hypotheses for the influence of di-nitrogen on diamond growth in oxyacetylene diamond combustion CVD: ͑i͒ Depletion of gaseous diamond precursors, owing to formation of CN. ͑ii͒ Decrease of the atomic hydrogen concentration in the gas-phase. ͑iii͒ Formation of CN in the gas phase, leading to etching through abstraction of hydrogen from the surface. ͑iv͒ The presence of nitrogen atoms in the diamond lattice, enhancing diamond growth. ͑v͒ Selective adsorption of nitrogen-containing species, selectively increasing growth in the ͑100͒ direction.
The first two hypotheses assume a significant influence of added nitrogen on the hydrocarbon combustion process. Our simulations, however, show that, due to its low conversion, the addition of di-nitrogen to the feed has hardly any effect on the concentration of the non-nitrogen-containing species. The same holds for di-nitrogen diffusing into the flame from the ambient air. Although the concentration of nitrogen-containing radicals in the outer flame zone is much larger than at the flame front, these species do not diffuse all the way into the flame to reach the central region of the diamond film. As a result, the concentrations of nitrogencontaining species are very small and their influence on the hydrocarbon combustion process is negligible. The third hypothesis, an etching role of CN on the surface comparable to that of H, could not be supported either, since the predicted maximum CN concentration in the flame is orders of magnitude smaller than the maximum concentration of, e.g., atomic hydrogen. In fact, since the maximum concentrations of all nitrogen-containing gas-phase species are very low, it is unlikely that any nitrogen-containing species influences diamond growth via a direct etching effect.
This leaves hypotheses ͑iv͒ and ͑v͒ as the most likely explanations for the measured growth-rate-increasing effect of nitrogen in the central region, viz. nitrogen is either included in the diamond lattice, or nitrogen species are adsorbed on the diamond lattice. The question of a possible gas-phase candidate responsible for this effect is addressed here based on two-dimensional reactor simulations. For each nitrogen-containing gas-phase species, the radial profile at the diamond surface was evaluated. Based on this, the list of possible candidates affecting diamond growth was shortened, leaving NH, NH 2 , NH 3 , CN, HCN, H 2 CN, and NCO as possible candidates.
